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Where am I from?
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Outline
• Introduction to the Semi-analytic Model;
• Observed protoclusters;
• Simulated protoclusters;
• Results:
• fraction of progenitors;
• fraction of actual progenitors;
• passive galaxy population;
• build-up of the passive sequence;
• quenching time-scales.
• Conclusions.
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Simulating Dark Matter Haloes
Large set of High Resolution Simulations:
• 27 simulations of
very massive
clusters,
& 5 · 1014M;
• ΛCDM cosmology;
• Particle Mass
= 108 h−1M;
• R200 = radius
that encloses a
mean density of
200 times the
critical density of
the Universe at
the redshift of
interest;
• M200 = mass
within R200.
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The Semi-Analytic Model of Galaxy Formation
Standard scenario of galaxy formation (White & Rees 1978)
(De Lucia & Blaizot 07; Contini+14)
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What’s a Proto-Cluster?
• Over-density regions
in the early
Universe, not yet
virialised;
• M & 1014M,
dense enough to
collapse before
z = 0;
• Found around
massive galaxies at
high-z (e.g.
Miley+06,
Venemans+07);
• Cover extended
regions, up to 20
Mpc (Kurk+04;
Tanaka+11;
Hatch+11;
Toshikawa+12);
• Regions of intense
star formation
activity.
MRC 1138-262, a.k.a Spiderweb galaxy
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Simulations of Proto-Clusters
Example of our most
massive proto-cluster
at z ∼ 3
• Proto-Clusters are
very extended
regions (Hatch+11,
Toshikawa+12);
• Fraction of central
galaxies at high-z
(0.7) consistent
with recent results
by Hatch+11 (77
±10% of galaxies in
a sample of
proto-clusters at
2.2 < z < 2.6 are
blue);
• Traces of red
galaxies at high-z
(Gobat+11).
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Simulations of Proto-Clusters II
• Most of the
centrals have
become satellites
and entered the
innermost regions
of the
proto-cluster;
• The growth of the
central galaxy
(CG) is mainly
driven by
accretion of lower
mass galaxies.
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Fraction of Progenitors
Are observed proto-cluster regions (typically 2× 2Mpc2 at high-z) large
enough to study the galaxy population in proto-clusters?
• Larger boxes (than observed at high-z) are needed in order to consider the
bulk of the galaxy population in proto-clusters;
• The distribution of progenitors in the sky is not typically symmetric
around the CG.
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Real Progenitors
• The fraction of
outliers is a function
of stellar mass, but
does not strongly
depend on box size
and redshift;
• Not possible to
distinguish between
outliers and actual
progenitors by
looking at their
properties;
• Even with very high
spectral resolution
observations, we
will be unable to
distinguish outliers
from true
proto-cluster
galaxies as they
occupy the same
volume.
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Passive Galaxy Population
• Passive elliptical-like galaxies represent a significant fraction of the
local cluster galaxy population, particularly in the high-mass end;
• The spectroscopy of these galaxies becomes difficult at z > 1
(Cimatti+02; Daddi+04; Mo+10) not only because of the scarcity
of such objects, but also because of the intrinsic difficulty in
detecting them, and measuring their redshifts (see e.g. Gobat+11);
• The galaxy population in proto-clusters is actively star-forming.
How does the passive sequence form? What quenches galaxies? When
and where?
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Passive Galaxy Population II
At high-z, 90 per cent of the progenitors are active, and the most massive
passive galaxies are centrals since z ∼ 2.2.
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Passive Galaxy Population III
The fraction of active galaxies decreases with decreasing redshift. 9 per cent of
the central progenitors, and 69 per cent of the satellites, are passive at z ∼ 0.8.
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Build-up of the passive sequence
• Most of the satellites are still active. The fraction of passives is 0.4 at
z = 2, and it increases with decreasing redshift;
• Centrals are almost all active down to z ∼ 1 and only 15 per cent of them
are passive at z ∼ 0.6.
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Quenching Time-scales
• Progenitors accreted earlier tend to be slightly more star forming than those accreted later,
at the time of accretion. There is a higher cold gas fraction for galaxies accreted at higher
redshift;
• The quenching time-scale is shorter for galaxies accreted at high-z.
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What’s missing (observationally)?
• We know the properties of the galaxy population in clusters at low-z;
• We are studying mature clusters at intermediate/high redshift (e.g.
Gobat+11);
• We are starting to understand something about the galaxy
population in proto-clusters;
We definitely need observations at high-z of objects neither clusters nor
proto-clusters. Is it possible?
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A very recent discovery (Wang+16)
CL J1001: a virialised object, highly star forming region which contains
massive quenched galaxies (20 per cent).
a b
• They have found a massive galaxy over-density at z = 2.506, which
is likely to be the most distant X-ray cluster known to date;
• This structure exhibits both a high SFR density and a predominant
population of massive star-forming galaxies in the core, suggesting
that it may represent the missing link between mature clusters and
proto-clusters.
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Conclusions
We have analysed a sample of 27 proto-cluster regions extracted from a
set of N-body simulations, that become massive clusters at z = 0. These
regions have been built by considering all progenitors of z = 0 galaxies
within the virial radius of the clusters into which these objects will evolve.
• Progenitors of galaxies in massive galaxy clusters distribute in a very large
region at high-z, dominated by central galaxies. However, their number
decreases with redshift because many become satellites, clustering around
the central object;
• The velocity dispersion of galaxies increases with cosmic time, in good
agreement with observations, and that of satellites increases faster (not
shown);
• The fraction of outliers is dependent on the galaxy stellar mass and on
redshift, and does not strongly depend on the size of the box. These
objects have similar properties to those shown by actual progenitors;
• Star forming galaxies are the dominant population in proto-clusters;
• Satellites are the main contributors in building-up the passive sequence,
but many of them are still active at high-z;
• The timescale for quenching depends on the time of accretion, being
shorter for progenitors accreted at higher redshifts.
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Thank you! 
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Passive Galaxy Population IV
• Both fractions decrease with
increasing size of the box because
larger boxes capture more star
forming progenitors, preferentially
located at larger distances from
the CG with respect to passive
ones;
• At z > 2 the fraction of passive
progenitors is not higher than 30
per cent, which confirms that the
dominant population in
proto-clusters is made up by star
forming galaxies.
The suppression of gas cooling
makes satellite galaxies passive on
relatively short time-scales, in the
model.
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Velocity Distribution
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Star Formation Rate in Proto-Clusters
Proto-clusters are regions of strong star formation activity
(Pentericci+01; Miley+06; Hatch+08/11; Tanaka+11; Hayashi+12).
Our model predicts star formation rates that are lower than observational
estimates by a factor of 2 in the innermost regions and up to a factor of 5 at
larger radii.
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Velocity Distribution II
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• At high-z, progenitors have, on average, low velocities with respect to the CG,
because the halo potential is not very deep and the progenitors are still relatively
far away from it;
• Velocities tend to increase towards z = 0, because the halo potential also
becomes deeper with decreasing redshift as the cluster grows in mass.
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Velocity Distribution III
• Velocity distribution of centrals and satellites widen approaching the present
time, in good agreement with observations (e.g., Venemans+07);
• That of satellites increases faster because galaxies grow in mass as centrals and
then join the densest regions as satellites.
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